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The analysis of many natural glycoproteins and their recombinant counterparts from mammalian hosts has revealed that 
the basic oligosaccharide structures and the site occupancy of glycosylated polypeptides are primarily dictated by the 
protein conformation. 

The equipment of many frequently used host cells (e.g. BHK-21 and CHO-cells) with glycosyltransferases, nucleotide- 
sugar synthases and transporters appears to be sufficient to guarantee complex-type glycosylation of recombinant proteins 
with a high degree of terminal a2-3 sialylation even under high expression conditions. Some human tissue-specific terminal 
carbohydrate motifs are not synthesized by these cells since they lack the proper sugar-transferring enzymes (e.g. a1-3/4 
fucosyltransferases, a2-6 sialyltransferases). Glycosylation engineering of these hosts by stable transfection with genes 
encoding terminal human glycosyltransferases allows to obtain products with taiJored (human tissue-specific) glycosyla- 
tion in high yields. 

Using site-directed mutagenesis, unglycosylated polypeptides can be successfully converted in N- and/or Glycopro- 
teins by transferring glycosylation domains (consisting of 7-17 amino acids) from donor glycoproteins to different loop 
regions of acceptor proteins. 

The genetic engineering of glycoproteins and of host cell lines are considered to provide a versatile tool to obtain 
therapeutic glyco-products with novel/improved in-vivo properties, e.g. by introduction of specific tissue-targeting signals 
by a rational design of terminal glycosylation motifs. 

Keywords: glycosylation engineering, human fucosyltransferases, human sialyltransferases, N- and O-glycosylation, host 
cell specificity, recombinant glycoprotein expression 



Introduction 

The importance of the posttranslational modification of 
polypeptides with N- or 0-linked oligosaccharides is well 
documented by their implication in numerous biological 
phenomena [1]. Consequently, it has already been recog- 
nized in the early eighties [2] that only mammalian host 
cells meet the criteria for an appropriate biotechnological 
development of recombinant glycotherapeutics to be used 
in humans. This has led to the attractive new research area 
of the biotechnology of mammalian cells as factories for 
medicinal glycoproteins. 

Protein-linked oligosaccharides control the intracellular 
and tissue targeting of polypeptides, their half-life in vivo 
and their dynamic interaction with other proteins inside 
the cells or in body fluids. Carbohydrate structures of gly- 
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coproteins are typically polypeptide-specific and it has 
been shown that each individual glycosylation site of a 
glycoprotein may contain its own characteristic pattern of 
oligosaccharide chains [3]. Apart from the 3D-domain 
structure that governs its decoration with glycans, also the 
tissue or cell type that synthesizes a glycoprotein plays 
an important role in the phenomenon of microhetero- 
geneity of protein glycans. This is a result of the regulated 
expression of a characteristic set of glycosidase and ter- 
minal glycosyltransferase genes which is different in the 
various cells/tissues of an organism [4] and may also vary 
with the physiological conditions of an organism or the 
differentiation state of cells. For example, human trans- 
ferrin secreted from liver cells into the blood stream 
contains oligosaccharides usually found on serum glyco- 
proteins, mostly afuco diantennary oligosaccharides with 
terminal a2,6-linked NeuAc, whereas the same protein 
isolated from human cerebrospinal fluid carries asialo and 
asialo-agalacto diantennary forms of proximally fucosy- 
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lated chains with bisecting GlcNAc typical for glycopro- 
teins synthesized in brain tissues [5-7] due to the different 
expression levels of the pertinent terminal glycosyltrans- 
ferases. 

Concepts for the bio technological production of recom- 
binant glycoprotein therapeutics or recombinant retrovirus 
vectors and ex vivo expansion of human primary cells for 
medicinal treatment must take into consideration different 
interactions of differentiy glycosylated cell/virus surface 
glycoconjugates or soluble glycotherapeutics with cellular 
receptors and subsequent altered modulation of intracellu- 
lar signalling cascades. While during the past 12 years much 
work has been published on the structural characterization 
of recombinant glycoproteins expressed from various 
mammalian and nonmammalian expression systems, a 
great deal of efforts is presently going into attempts to 
improve recombinant host cell lines, and here especially 
mammalian cells, for the manufacturing of glycoprotein 
pharmaceuticals and retrovirus vectors with novel in vivo 
properties. It seems promising to explore the advantages of 
new generations of products with improved in vivo stability 
and carbohydrate-based tissue-targetable addressing sig- 
nals. For this, the host cell lines must be improved by 
genetic engineering with newly introduced glycosyltrans- 
ferases. The transferases must be stably directed into the 
proper subcellular compartment for their efficient function 
in the glycosylation pathway of the host. Here we are re- 
porting on some of these aspects of the work from our 
laboratory at the German Center for Biotechnology (GBF) 
during the past 10 years. 

I. Recombinant expression of human therapeutic 
glycoproteins 

Mammalian host cells 

Recombinant mammalian host cells cultured in large biore- 
actor systems are currently used to generate human glyco- 
protein pharmaceuticals which can be obtained from 
natural sources in only minute quantities. Amongst the first 
recombinant pharmaceutical glycoproteins produced from 
mammalian host cells were the secretory polypeptides in- 
terleukin-2 (IL-2), interferon-)} (IFN-p and interferon-y 
(IFN-y) [8-10]. Over the past 12 years the literature report- 
ing on the glycosylation analysis of recombinant glycopro- 
teins from different hosts has accumulated tremendously. 
Tn most of these studies Chinese hamster ovary (CHO) and 
baby hamster kidney cells (BHK-21) have been used as 
expression systems and most of our present knowledge 
about the culture conditions that can affect the fine struc- 
tural characteristics of recombinant glycoproteins pro- 
duced in large scale processes has been obtained from 
studies with these two hosts cells [11-14], In our hands, a 
constitutively secreted glycoprotein expressed at a level of 
0.1 jig/ml from BHK-21 or CHO cells has the same carbo- 



hydrate structure as has the protein expressed at a 200-fold 
higher level, and as a general rule, it appears that the glyco- 
sylation machinery of the host cell itself is not a bottleneck 
for an efficient posttranslational modification of a polypep- 
tide with carbohydrates. However, problems might eventu- 
ally be encountered when a recombinantly expressed 
protein has an abnormal half-life in different cellular sub- 
compartments of the host. It should be noted that in rare 
cases the selection procedures used for the isolation of 
transfected high expression cell clones may lead to the 
detection of a variant cell clone with aberrant glycosylation 
capacity, as has been recognized in our laboratory with a 
BHK-21 cell line that showed a complete loss of carrying 
out complex-type glycosylation of a recombinantly ex- 
pressed protein [15]. 

As has become clear from the work of others and our 
own investigations, CHO and BHK-21 cells show basically 
the same characteristics for the glycosylation of recombi- 
nant N- or O-glycoproteins. The structural features de- 
tected in recombinant glycoproteins expressed from 
murine and hamster cell lines are summarized in Table 1. In 
principle, the antennarity and the LacNAc content of N- 
linked oligosaccharides of a given recombinant glycopro- 
tein expressed in CHO, BHK-21 or the murine cell lines 
will be the same and this is also true for characteristics of 



Table 1 . Structural features of N-linked oligosaccharides from 
recombinant glycoproteins expressed in mammalian host cells. 
Data are based on structural analysis of the recombinant human 
glycoproteins IFN-J3, Epo, AT III, IL-6, tissue-plasminogen activa- 
tor and p-TP as well as recombinant humanized antibodies, 
soluble receptor proteins and A/-glycosylation mutants of human 
IL-2. 



host cell line 



carbohydrate structure 


CHO 


BHK-21 


CI 27 


Ltk- 


proximal fucose 
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+ 


+ 


+ 


Fuc(a1-2)Gal-R* 


+ 


+ 


? 


? 


a2,6-NeuAc 






+ 


-f 


u2,3-NeuAc 


+ 


+ 


+ 


4 


NeuAc(a2-8)NeuAca2-3-R 


+ 


+ 




T 


NeuGly* 




+/- 


+ 


+ 


tri/tetra-antennarity 


+ 


+ 




+ 


Gal((31-4)GlcNAc repeats 


+ 


+ 


+ 




Gal(|31-3)GlcNAc-R 










sulfated glycans 


+ 


+ 




+ 


Gal(u1-3)Gal 


+ 




+ 




branched repeats 


? 




+ 




mannose 6-phosphate* 


+ 


+ 


? 


? 


bisecting GlcNAc 






+ 


+ 


GalNAc(pi-4)GlcNAc 











•detectable only in trace amounts 

"detected in large amounts in the BHK-21 A variant cell line [16,17] 
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the oligosaccharide pattern at individual glycosylation sites. 
However, in view of the pronounced higher microhetero- 
oeneity of terminal carbohydrate motifs in recombinant 
products obtained from the murine host cells (a2,3~ vs. 
a 2,6-NeuAc, NeuGly, Gal(al->3)Gal, Gal(pi^3)GlcNAc- 
£ sulfated structures and branched repeats in Lr/c~ and 
C127 cells), the two hamster cell lines seem to provide a 
more favourable expression host cell system when low gly- 
coform heterogeneity is required. 

It should be emphasized that in most publications on 
carbohydrate structures of recombinant, glycoproteins the 
work has been performed with purified glycoprotein 
preparations destined for pharmaceutical use. Conse- 
quently, these preparations represent a subfraction of the 
total product secreted by the host cell and they are en- 
riched in glycoforms which are believed to be most effec- 
tive for in vivo application in humans. One such example 
is recombinant human erythropoietin (EPO) from BHK- 
21 or CHO cells where only a highly sialylated subfraction 
(based on the isoelectric focussing pattern) of the total 
recombinant glycoprotein hormone that is secreted by the 
producer cells is manufactured for medical treatment. This 
subfraction represents only about 20-25% of the total 
EPO secreted from the host cell lines. Therefore, for a 
complete description of the glycosylation characteristics of 
any host cell, it is indispensible to purify the product quan- 
titatively, e.g, by immunoaffinity chromatography using 
polypeptide-specific antibodies that guarantee >90% final 
yield. 

Significant advances in the sensitivity of carbohydrate 
structural analysis has been achieved during the past three 
years. Especially in mass spectrometry (on-line ESI-MS, 
nanospray tandem mass spectrometry (ES1-MS/MS) and 
improved MALDT/TOF techniques), very sensitive instru- 
mentation for glycosylation analysis has been made avail- 
able to a broader group of research units, and thus has led 
to a broader use of complementary tools by academic 
researchers and in industrial laboratories. This is of out- 
standing importance in the area of glycobiology and gly- 
cotechnology where the combined methods of molecular 
biology, protein biochemistry, cell biology and analytical 
know-how are required to understand in detail the basic 
mechanisms and the role of modification of proteins and 
lipids with carbohydrate in both, health and different states 
of disease. 

Production of secretory glycoproteins in insect cells 
using the recombinant baculovirus expression 
system 

Some 10 years ago it has been proposed to use insect cells 
infected with recombinant baculoviruses for production of 
large amounts of recombinant glycoproteins. However, it 
has become clear that the insect expression system has 
rt$ limitations for the production of mammalian-type 



modified glycotherapeutics. We found that secretory gly- 
coproteins that contain complex-type N-glycans when ex- 
pressed in mammalian host cell lines are modified only 
with the short oligomannosidic Man(al-»6)Man(pi -»4) 
GlcNAc(pi-»4)[Fuc(al-»6)]GlcNAc and Man(a->3)[Man 
(a-»6)]Man(3l ->4) GlcNAc(31->4)[Fuc(al-^6)]GlcNAc 
TV-glycans when expressed from S£21 or Sf9 (Spodoptera 
frugiperda) cells [18]. TV-glycan structures most similar to 
those synthesized in Sf9 or Sf21 cells were also detected 
in the products secreted from SPC-Bm36 (Bombyx mori) 
cells (see Table 2). SPC-Bm36 cells produce ^-glycosy- 
lated proteins with higher amounts of dimannosyl- over 
trimannosyl-oligosaccharides and only 60% al,6-fucosyla- 
tion of the proximal GlcNAc. A model glycoprotein with 
a potential O-glycosylation motif [18] expressed from 
SPC-Bm36 cells was found to be unglycosylatcd, modified 
with GalNAc or with Gal(Pl-*3)GalNAc in a ratio of 
1:3:5 that is different in the same protein when synthesized 
from Sf21 cells, where a ratio of 1:4:4 was detected [18]- 
Therefore, it appears that SPC-Bm36 cells generally un- 
dergly cosy late N- and 0-glycoproteins. 

N-glycan structures of glycoproteins expressed from 
BTI-Tn-5Bl-4, "High Five" {Trichoplusia ni) cells are es- 
sentially the same as those from Sf21 cells and are present 
in a similar ratio. However, a considerable proportion of 
the oligosaccharides was found to be difucosylated, con- 
taining an additional fucose in al,3-linkage to the proxi- 
mal GlcNAc. The enzymatic activity involved in the 
biosynthesis of this structural motif has also been de- 
scribed for a Mamestra brassica cell line, IZD Mb0503 
[19]. Surprisingly, the analysis of a N-glycosylated protein 
variant expressed in BTI-EaA {Estigmene acred) cells re- 
vealed the presence of fucosylated trimannosyl-oligosac- 
charides containing 1,2, or small amounts of even 3 
terminal GlcN Ac-residues as detected by methylation 
analysis and ESI-MS/MS of the pertinent tryptic glycopep- 
tide [20]. However, no indication for galactosylated oli- 
gosaccharides was detected by the complementary 
analytical techniques applied in our laboratory. Such 
complex-type iV-glycan structures were not detected on 
recombinant glycoproteins expressed in any other bacu- 
lovirus-infected insect cell line shown in Table 2. These 
data clearly confirm our previous results [18] and those 
of others [21,22] that insect cells lines are incapable of 
synthesizing sialylated lactosamine complex-type A'-gly- 
cans or sialylated core 1 O-glycans and therefore are not 
suitable for the production of recombinant pharmaceuti- 
cal glycoproteins for clinical use. 

An further disadvantage of the insect cell expression 
system is that recombinant baculovirus vector-driven high 
expression of proteins is run as a batch-culture process and 
cells die after infection within the productive phase. Only 
about 20% of the total recombinant protein synthesized by 
the host cells is secreted into the supernatant. The remain- 
der is found denatured as inclusion body-like aggregates 
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inside the cell and is partially released into the medium at 
later states of infection from dying cells [23J. Nevertheless, 

> the baculovirus expression system is the preferred system 
when the production of several 100 mg of a protein is 
required for research purposes within a short time and a 

s jnamnialian/human-type of glycosylation is not of primary 
importance. 



II. Genetic engineering of new glycoproteins and their 
! recombinant expression in animal cells 

Engineering of proteins with new glycosylation 
properties 

The successful modification of a polypeptide with newly 
introduced N- or 0-glycosylation properties may increase 
its solubility or influence its in vivo biological properties 

j (e.g., activity, antigenicity, rate of clearance). In other cases, 
the simple deletion of a glycosylation site with pronounced 
carbohydrate microheterogeneity might also be of advan- 
tage for a final clinical application of the product. It is now 
known from the 3D-structures of many glycoproteins that 
N- or 0-glycosylalion motifs are mostly found in loop-re- 

* gions of polypeptides. According to our experience, a sin- 
gle amino acid exchange creating a new potential 
consensus tripeptide Asn-Xxx-Ser/Thr is often not suffi- 
cient for /V-glycosylation to occur, even when present in 
loop regions. The concept of polypeptide-specific and gly- 
cosylation site-specific modification of proteins with car- 
bohydrates has led us to investigate by using site -directed 

, mutagenesis the introduction of individual glycosylation 

\ domains from donor glycoproteins with known glycosyla- 

I tion characteristics into suitable locations of model ac- 

1 ceptor proteins (TL-2, TFN-p. This approach aimed at the 
definition of short peptide domains that should result in 
predictable oligosaccharide structures when the constructs 

I are expressed from a given host cell. The insertion of short 
(8-15 residues) peptide sequences containing an Asn-Xxx- 
Thr/Ser sequence has been proved to be successful, and, 
most importantly, was found not to severely affect the 
overall 3D-structure as shown for the biological activity of 
the resulting human IL-2 and IFN-P variants [23,24]. We 

' have analyzed the carbohydrate structure of the different 
resulting chimers after expression from BHK-21 cells as 
shown in Figure 1. The single N-glycosylation site of hu- 
man IFN-p contains preponderantly diantennary complex- 
type oligosaccharide chains when expressed from CHO or 
BHK-21 cells [9,25], as is the case for all four N-glycosy- 

1 lation sites of human antithrombin III (AT III) [26]. The 
three ^-glycosylation sites of human EPO from the same 

J host cells contain preponderantly tetraantennary chains 
with 1-3 TV-acetyllactosamine repeats [27-30], with Asn 86 
{site III) bearing the most homogenous oligosaccharide 
population. As mentioned above, the introduction of a new 

| ^glycosylation site into the IL-2 polypeptide by substitu- 



tion of Thr 3 H>Asn (APNSSSTKKT 1{) ..) does not result in 
any modification with N-glycans when the construct is ex- 
pressed from BHK-21 or Ltk cells [24], However, the 
transfer of the human IFN-P N-glycosylation domain 
SSSTGWNETrV(GG) to the N- or C-lerminus of TL-2 
yielded proper /V-giycosy lation with diantennary complex- 
type chains [31,32], as is the case for wild-type IFN-P from 
these hosts [9,25]. 

Similarly, the peptide comprising the N-glycosylation do- 
main III of human AT III was found to be modified with 
diantennary N-glycans when inserted at position 80 within 
the loop region between helices B' and C of human IL-2 as 
is depicted in Figure 1. However, the introduction of N-gly- 
cosylation domain III of human EPO at the same location 
resulted in oligosaccharides with significantly higher anten- 
narity. These investigations indicate that A'-glycosylation 
domains can successfully be transferred from one protein 
to a loop region or the N- or C-terminus of another protein. 
Our data allow for the conclusion that in several cases the 
characteristic antennarity of the donor 7V-glycosylation do- 
main is preserved when inserted into the newly constructed 
mutant glycoprotein [11,23,24,31,32]. 

Engineering of O-glycosylatcd proteins 

All mammalian cell lines frequently used for recombinant 
protein expression {e.g. the cell lines in Table 1) modify O- 
glycosylation sites with preponderantly core 1 O-glycans 
containing one or two NeuAc [27,29,33]. In secretory glyco- 
proteins like human IL-2 or EPO, which are O-glycosylated 
at a single hydroxyamino acid, all recombinant host cells 
recognize specifically the same Ser or Thr that is modified in 
the natural protein even when it is part of a hydroxyamino 
acid cluster [1 1 ,24], as is the case for human IL-2 where spe- 
cifically Thr 3 within the N-tcrminal sequence H 2 N- 
APT 3 SSSTKKT 10 ... is modified by NeuAc(a2->3)Gal 
(Pl->3)[NeuAc(a2-^6)] 0 „ 1 GalNAc chains [33]. As is sum- 
marized in Table 3, mutant IL-2 proteins with substitution of 
Thr 3 H>Ser or containing Thr at position 5 are not O-glycosy- 
lated [24]. The deletion of Thr 3 or its substitution with Ala or 
Ser abolishes O-glycosylation completely, whereas the ex- 
change of Ser 4 or Scr 6 to Thr results in detectable 0-glycosy- 
lation. The peptide sequences APTPP, APTAPPT (present 
in human plasminogen) or the artificial sequence APTPPP 
can be used to introduce novel O-glycosylation sites into hu- 
man IL-2 or human IFN-p at different positions of the 
polypeptide chain [11,18,24,32], and the resulting proteins 
are efficiently O-glycosylated in BHK-21 cells and Ltk" 
cells, as is indicated also in Figure 1. Thus, these sequence 
motifs can be considered to constitute general transferable 
Oglycosylation recognition domains when introduced into 
loop regions of polypeptides although no consensus se- 
quence for the attachment of <9-glycans to polypeptides has 
yet been identified. 
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Figure 1. Genetic engineering of glycoproteins with defined glycosylation characteristics: Insertion of /V- and Oglycosylation domains into human 
IL-2. panel A, glycosylation domain donor glycoproteins with known glycosylation characteristic; panel B, 3D-structural model of human IL-2 based 
on NMR data; arrows indicate acceptor sites used for insertion of glycosylation domains; panel C, glycosylation acceptor characteristics of newly 
introduced domains as identified by analysis of the resulting IL-2 variants. Bars A, B/B', C and D indicate helical domains of human IL-2 as shown in 
Figure 1S 
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III. Construction of host cell lines with novel 
glycosylation characteristics 

In vivo specificity of glycosyltransferases 

In vitro assays of glycosyltransferases with small acceptor 
substrates may yield some preliminary information about 
acceptor substrates properties recognized by the enzymes 
and are indispensible Tor the evaluation of glycosyltrans- 
ferase levels in cells/tissues and the control of enzyme pu- 
rification. A final description and comparison of the in vivo 
specificity of the individual glycosyltransferases, however, 
can only be achieved by structural analysis of the cellular 
product(s). As shown in Figure 2, we suggest the recombi- 
nant expression of the full length form of human glycosyl- 
transferases along with a suitable reporter glycoprotein 
(here human 0-TP) at a constant expression level in a 
heterologous mammalian host cell line that is devoid of the 
pertinent enzyme activity. This is considered to represent a 
valuable model and should enable the comparison of the in 
vivo specificities of different members of a glycosyltrans- 
ferase family [16,17,34,35] and allow the selection of the 
optimal enzyme suitable for the glycosylation engineering 
of host cell lines for the production of a new generation of 
glycotherapeutics with defined altered glycosylation char- 
acteristics. Basic information can be expected from such 



A 




Figure 2. Genetic engineering of new BHK host cells by transfection with human glycosyltransf erase genes. In order to generate expression of a 
reporter glycoprotein, BHK-21 cells were transfected with a plasmid encoding human p-TP. The recombinant P-TP secreted from such cell lines is 
glycosylated host cell-type-specifically with a2,3-di- or monosialo diantennary complex-type A/-glycans (with proximal fucose) as indicated by *S" 
attached to the structural symbols, panel A, cotransfection with the human ST6Gal I gene leads to secretion of p-TP containing a2,6-linked NeuAc; 
Panel B, cotransfection with human cx1 ,3-fucosyltransf erase VI (FT6) results in p-TP modified with sLex- or Lex-containing oligosaccharides 



Table 3. Mutation analysis of the Oglycosylation acceptor 
properties of the N-terminus of human IL-2. Data were corrobo- 
rated by immunoprecipitation of stably (BHK-21) as well as 
transiently (Ltfc) transfected mammalian host cells and N-termi- 
nal sequencing of the purified proteins. 

^-terminal sequence O-glycan attached at position 

A PTSSSTKKT ... 3 

AP&SSSTKKT ... no 

APSSSSTKKT ... no 

APSSSTKKT ... no 

AP7TSSTKKT ... 3? 

APTSISTKKT ... 3i 

APTSSJTKKT ... 3? 

APNSSSTKKT ... no 

APSISSTKKT ... no 

APSSISTKKT ... no 

APSSSTTKKT ... no 

APTAPPTKKT ... 3t, 7 

APTPPSTKKT ... 3t 

APTPPPTKKT ... 3t 
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studies concerning the intracellular organization of the 
protein glycosylation machinery and the temporal and spa- 
tial distribution of the transferases in the in vivo biosyn- 
thetic compartments. Prerequisites for such an in vivo assay 
system are: 

i. Reproducible transfection procedures using high ex- 
pression vectors and rapid selection/isolation of stably 
transfected cells 

ii A constant level of acceptor substrate expression (re- 
porter glycoconjugate) by the host cells 

iii. A defined expression level of the recombinant en- 
zymes (20- to 50-fold higher expression levels of the 
wild-type forms arc achieved in transfected cells when 
compared to the levels in primary cells/tissues) 

iv. A simple, fast and quantitative purification procedure 
for the product (preferably secreted into the medium) 

v. Application of fast and sensitive carbohydrate struc- 
tural analytical micromethods (MS and MS/MS-tech- 
niqucs, HPAE-PAD) 

It should be emphasized that the 3D-structure of the glyco- 
protein substrate and thus the accessibility of its oligosac- 
charide moieties under the intracellular environmental 
conditions is also of importance. In addition, it is conceiv- 
able that cell surface membrane glycoproteins might be 
recognized differently than are obligate secretory glyco- 
proteins. However, for a given model glycoprotein with 
defined structural characteristics, the above approach by 
analysis of a reporter glycoconjugate from stably trans- 
fected cells should yield precise information on the in vivo 
substrate specificity of the individual members of a family 
of enzymes acting on the same precursor substrate. Tran- 
sient expression experiments are of limited value, since cell 
damage and cell leakage resulting from the transfection 
procedures is considered to lead to artefacts. 

Engineering of cells by stable transfection. with 
human al,3/4-fucosyl transferases genes 

Analysis of the in vivo acceptor substrate specificity of 
fucosy I transferases by glycosylation analysis of coexpressed 
recombinant human fi-trace protein. 

The al.3/4-fu cosy I transferases III-VTT [36-41] add fucose 
to the GlcNAc residue in sialylated or unsialylated 
Gal(pi->3)GlcNAc-R or Gal(pl->4)GlcNAc-R type struc- 
tures of glycoconjugates. They arc thus involved in the 
regulation of the synthesis of the Lewis X (Lex) and sialyl 
Lewis X (sLex) type ligands that are involved in inflamma- 
tion-induced adhesion of neutrophils, monocytes. T cells 
and platelets to selectins [42^45]. Fucosylated glycoconju- 
gates play also a central role in other important biological 
phenomena like differentiation and tumorigenesis, and 
elevated levels of peripherally fucosylated scrum glycopro- 



teins have been detected in humans associated with inflam- 
matory processes [46,47]. 

Many natural human tissues/cells express more than one 
fucosyltransf erase at the same time and therefore it is diffi- 
cult to obtain homogenous enzyme preparations from natu- 
ral tissues or body fluids for the unequivocal assessment of 
the specificity of the individual enzymes. r Phe cloning of the 
al,3/4-fucosyltransf erases III- VII (FT3-FT7) and their ex- 
pression in recombinant form has provided a tool to isolate 
pure enzyme preparations for studying their substrate speci- 
ficity in vitro. However, several questions concerning the 
implication of each of the individual fucosyltransferases in 
the generation of selectin ligands are still not resolved. 

Mammalian glycosyltransferases are Golgi-resident type 
II transmembrane proteins, and according to current opin- 
ion, their transmembrane region is responsible for the reten- 
tion of the enzymes in the proper Golgi compartment. Many 
transferases contain N-glycosylation sites in their stem re- 
gion and/or their catalytic domain; however, no information 
is available if, or to what extent, ^/-glycosylation is involved 
in the in vivo activity or specificity of glycosyltransferases. A 
number of publications have appeared that describe the 
recombinant expression of human fucosyltransferases 
[48-52] mostly as soluble forms lacking the cytoplasmic, the 
transmembrane and some part of the stem region. In several 
cases, recombinant chimers containing N-terminally fused 
polypeptide fragments (e.g., of protein A) have been con- 
structed to facilitate recombinant enzyme purification. 
According to the data published so far, FT7 has been re- 
ported to fucosylate exclusively a2,3-sialylated /V-acetyllac- 
tosamine-type structures in vitro and is inactive with neutral 
acceptors [41,51,52]. FT4 acts almost exclusively on unsialy- 
lated Gal(pl^4)GlcNAc-R (type II) structures [48,53], 
whereas in vitro, FT5 and FT6 have been reported to act on 
both,ct2.3-sialylated as well as unsialylated type II acceptors 
[48,49,54]. FT3 has been reported to mainly transfer Fuc in 
al ,4-linkage onto GlcNAc in type I chains [34,48,54]. Activ- 
ity with type I acceptors has also been found for human Fl 5 
[48], while FT4 7 FT6 and FT7 arc not active with 
Gal(pi^3)GlcNAc-R substrates [41,48,54]. 

Human (5-TP is a 168 amino acid protein which contains 
two /V-glycosylation sites that are occupied with almost 
exclusively diantennary complex-type chains [5,16,35,55]. 
Similar to human transferrin described above, 0-TP iso- 
lated from human cerebrospinal fluid exhibits "brain-type' 
glycosylation characteristics, i.e., mainly truncated asialo 
chains, bisecting GlcNAc, complete proximal and some pe- 
ripheral fucosylation besides small amounts of a2,3/6-sialy- 
lated iV-glycans [5,7]. Recombinant human p-TP expressed 
from wild-type BHK-21B cells is also modified with almost 
exclusively diantennary oligosaccharides at each of its two 
N-glycosylation sites, however, as shown in Figure 3, the 
oligosaccharide pattern here is very homogenous, the struc- 
tures contain either two or one a2,3-linked NeuAc and 
only small amounts of asialo chains are present [16,35]. 
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NcuAc <r2-3 Gal /3 1-4 GlcNAc 01 -2 Man al > Fuc al % 
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l Galj3l-4 GlcNAc 01-2 Manal' 

Figure 3. AZ-glycan structures of recombinant human 0-TP secreted from wild-type BHK-21 cells contain exclusively a2,3-linked NeuAc. 



Coexpression of p-TP as a reporter glycoprotein from 
ceils transfected with a human al,3/4-fucosyltransferase 
therefore should yield oligosaccharides with Lewis X or 
sialyl Lewis X motifs or mixtures of the two motifs depend- 
ing on the in vivo specificity of the transfected f ucosyltrans- 
ferase gene. In total 12 different diantennary AMinked 
oligosaccharides can be expected in P-TP from BHK-21 
cells expressing human FT6 (four each of asialo, mono- and 
disialo chains with no, one or two peripheral fucose resi- 
dues, respectively). 

Human FT6 synthesizes preponderantly 
al3-difucosylated structures on diantennary chains 
in vivo 

When incubated in vitro with soluble FT6 in the presence 
of GDP-Fuc, we found efficient fucosylation of p-TP, with 



a roughly 50% modification of the a2,3-monosialylated 
oligosaccharide with one al,3-lmked Fuc, and with 33% 
and 6% modification of the a2,3-disialylated oligosaccha- 
rides with one or two al,3-linked Fuc residues, respectively 
[35]. This result obtained for the complex type N-glycans is 
in agreement with published reports for the in vitro speci- 
ficity of recombinant human FT6, which indicate that the 
enzyme can form Lex as well as sLex motifs with small type 
II oligosaccharides [49,54]. When P-TP is coexpressed from 
BHK-21 cells together with human FT6 (see Table 4), 
about 50% of all 7V-glycans contain al,3-linked Fuc (cf. Fig. 
4A). However, the sialylation degree of the /V-glycans is 
significantly lower when compared to N-glycans of P-TP 
from wild-type BHK cells (Fig. 4B) y and also in contrast to 
the in vitro modified p-TP, most of the oligosaccharides are 
found to be modified in vivo with two peripheral Fuc (see 



Table 4. Fucosyltransferase activities of stably transfected BHK-21 cell lines. Measurements were performed using the substrate 
GDP-[ 14 C]Fuc and Gal(p1->4)GlcNAc— O— (CH 2 ) 8 — COOCH 3 as an acceptor A dash indicates incorporation of radioactivity at 
background levels. *FT3 activity was detected by using the type 1 Gal((31^3)GlcNAc-0-(CH 2 ) 8 -COOCH 3 acceptor; **FT7 was 
determined with native bovine fetuin. In vitro activity values for FT5 and FT7 are very low; however, from standard transfection 
procedures used, and in view of the in vivo fucosylation efficiency (see Fig. 5), an expression value similar to those detected for the 
other fucosyltransferases is assumed. 



Cell fine Total activity % of total activity accumulated 

(cells + culture medium) in the culture medium 
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Figure 4. Comparison of p-TP oligosaccharides after in vitro or in vivo modification with human FT6. For in wfrofucosyiation, purified p-TP expressed 
from BHK-21 cells was incubated with recombinant soluble human FT6 (s-FT6) in the presence of GDP-Fuc. in vivo data were obtained following 
coexpression of p-TP and full-length FT6 genes in BHK-21 cells {ct, Fig. 2). panel A, percentage of nonfucosylated, al,3-mono- and a1,3-difucosy- 
lated /V-glycans; panel B, percentage of disialo, monosialo and asialo diantennary chains in p-TP rV-glycans 
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Table 5. In vivo fucosylation characteristics of human a1,3/4-fucosyltransferases. Values represent the percentage of all diannten- 
nary oligosaccharide forms comprising >90% of total N-glycans isolated from p-TP expressed in each individual FT-transfected 
BHK-21 cell line. Structural analysis was performed by HPAE-PAD mapping, MALDI/TOF-MS, ESI-MS/MS and methylation analysis. 
The two isomeric monosialo/monofucosylated structures from FT3, FT5 and FT6 cells were not resolved. 
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also Table 5). The ratio of sLexrLex antennae in the total 
N-glycan mixture is 1.1:1. The lower sialylation degree of 
P-TP from FT6 cells compared to wild-type BHK-21 cells 
can be explained by an in vivo competition of the recombi- 
nantiy expressed FT6 with the endogenous a2,3-ST(s), 
ST3Gal III and/or ST3Gal IV, for the common asialo oli- 
gosaccharide substrate. This phenomenon has been ob- 
served previously for products from recombinant host cell 
lines transfected with al,3-galactosy transferase [56] or 
FT4 [57]. The u2,3-STs have been reported to be unable to 
sialylate G al ( pi ->4) [Fuc(al ->3)] GlcN Ac-R motifs 
[41,50,57], Obviously, as is the case for in vitro incubation 
conditions, FT6 can act also in vivo on both, <x23-sialylated 
as well as unsialylated N-linked oligosaccharides. To our 
knowledge, this is the first publication describing quantita- 
tively and in detail the in vivo substrate specificity of a 
recombinant fucosy I transferase expressed in a stably trans- 
fected heterologous host cell line [35]. 

All human a 13/4-fucosyltransf erases synthesize 
sLex structures in vivo 

The differences of the in vitro and in vivo results obtained 
for FT6 led us to compare the in vivo properties of all 
human al ,3/4-fucosyltransferases. For this, we have also 
constructed stable BHK-21 cell lines (see Table 4) express- 
ing human FT3, FT4, FT5 or FT7 together with human 
P-TP as a reporter glycoprotein, and for each individual cell 
line, P-TP was purified from the culture supernatant and 
subjected to oligosacharide structural analysis using 
MALDT/TOF-MS, ESI-MS/MS and HPAE-PAD mapping. 
About 30-50% of the iV-linked oligosaccharides of p-TP 
secreted from the new cell lines were al,3-fucosylated ex- 
cept for the FT3 cell line in which case only 19% of the 
structures were fucosylated. A comparison of all p-TP N- 



glycan structures formed by the al,3/4-FT-transfected cells 
is presented in Table 5 and gives an overview of the in vivo 
substrate specificity of the five known human ct1,3/4-FTs 
with protein-bound complex-type A'-linked oligosaccha- 
rides [35], 

FT7 cells (£.£, BHK-21 cells coexpressing FT7 and p-TP) 
exclusively synthesize sLex structures. We have confirmed 
this also for the monosialylated oligosaccharide fraction 
that did not contain any ctl,3-difucosylated structure. The 
single Fuc was exclusively present as the sLex and not as 
the Lex motif (determined by ESI-MS/MS, see. ref. [35]), 
and the small amount of asialo oligosaccharides did not 
contain any Lex epitopes. This in vivo specificity with com- 
plex-type jV-glycans is in agreement with recent work pub- 
lished on the in vitro activity of the enzyme with small 
oligosaccharide substrates [41,50,51], 

The vast majority of the peripherally fucosylated prod- 
uct in P-TP oligosaccharides from FT4 cells were found to 
contain the Lex motif which result is compatible with pub- 
lished data on the in vitro activity of FT4 with low molecu- 
lar weight compounds. From the fragmentation pattern of 
reduced and permethylated chains using ESI-MS/MS, we 
could show that the monosialylated al,3-monofucosylated 
/V-glycan contains preponderantly the Lex motif [35]. How- 
ever, a significant amount (11%) of mono-sLex was also 
observed in the disialo oligosaccharide fraction which con- 
tradicts published data on the in vivo specificity of the 
enzyme as measured by E-selectin binding studies 
[41,53,58,59]. However, no cd,3-difucosylated disialo struc- 
ture was observed, supporting the view of the preferential 
action of FT4 on nonsialylated Gal (pi ->4)GlcNAc-R 
structures. 

FT5 cells secrete P-TP with oligosaccharides modified 
preponderantly with the sLex motif, but also Lex-contain- 
ing structures are formed. They were detected as ul ,3-difu- 
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Figure 5. Comparison of fucosylated oligosaccharide antennae of p-TP 
secreted from ceil lines cotransfected with human fucosyltransferases 
I II — VII (compare also Table 4) 



cosylated asialo and al ,3-difucosylated monosialo oligo- 
saccharides. In contrast to the situation found for the 
monosialo-monofuco oligosaccharides from FT7 and FT4 
cells, the al,3-monofucosylated monosialo oligosaccha- 
rides from FT5 cells were found to consist of a mixture of 
Lex and sLex containing structures. 

In a previous study [34], we have reported that human 
FT3 from BHK-21 cells does not fucosylate type II N-ace- 
tyllactosamine structures in several glycoproteins when in- 
cubated in vitro. Furthermore, we could clearly 
demonstrate that, with bovine fetuin as a substrate, only the 
triantennary oligosaccharide containing one. type I branch 
(Gal(pl->3)GlcNAc) is modified with al,4-linked Fuc in 
vitro, although an 8-fold higher type II acceptor concentra- 
tion (Gal(pi— >4)GlcNAc-R branches) was present during 
the experiment [34]. Similarly, we could show that no sLex 
or Lex in vitro activity was present in extracts of FT3 cells 
when using low molecular weight type II oligosaccharide 
acceptors (see also Table 4). These findings have been fur- 
ther confirmed in a recent publication from our group [54] 
describing the failure to in vitro fucosylate diantennary 
type II oligosaccharides with large amounts of a purified 
recombinant FT3 preparation. For the in vivo activity of 
the Golgi form of the enzyme, almost no fucosylation of 
asialo branches was observed in p-TP oligosaccharides 
from FT3-transfected cells. Using ESI-MS/MS and methy- 
lation analysis, we confirmed that only the sLex and no 
sLca structure was present in the oligosaccharides of coex- 
pressed P-TP. Since only 11% of the total oligosaccharide 
antennae of P-TP from FT3 cells were modified with pe- 
ripheral fucose compared to up to 50% of the total anten- 



nae in p-TP from cells transfected with FT4-FT7 (cf. Fig. 5), 
we conclude that FT3 preferentially acts in vivo as a type I 
chain-specific transferase which is in agreement with the in 
vitro data published previously [34,54]. 

The results of our in vivo specificity studies of recombi- 
nant human al,3/4-FTs indicate that each of the enzymes 
exhibits a specific fucosylation characteristics with type II 
complex N-glycan chains on coexpressed human P-TP as is 
exemplified by the different sLex/Lex ratios: FT7 (only 
sLex) > FT3 (14:1) > FT5 (3:1) > FT6 (1.1:1) > FT4 (1:7) 
[35]. Furthermore, from the results obtained, recombinant 
human FT6 turns out to have a high in vivo preference to 
form al ,3-difucosylated structures with all three, asialo, 
mono- and disalo diantennary acceptor oligosaccharides. A 
similar high preference for the synthesis of al ,3-difucosy- 
lated diantennary glycans is only detected for FT4 with the 
asialo structures (compare Table 5). Apart from its strict , 
specificity towards a2,3-sialylatcd antennae, FT7 appears 
to have very similar preference for both, al,3-mono- and 
al ; 3-di-Fuc-transfer onto AMinked oligosaccharides, 
whereas FT3 and FT5 predominantly attach a single pe- 
ripheral Fuc residue to diantennary Af-glycans. 

\ 

Human FT6 requires Golgi membrane localization 
for its in vivo activity 

In a previous publication we have reported that the wild- 
type Golgi form of human FT3 is intraccllularly cleaved in 
stably transfected BHK-21 cells and the catalytically active 
fragment can be detected by in vitro assays and Western 
blotting in the cell supernatant [34]. Similar observations { , 
have been published for a2,6-sialyltransferase [60], pi,4- I 
gal actosyltransf erase [61], al,3-galactosyltransf erase [62], j 
polypeptide al-»0 GalNAc-transf erase [63], G M 2 syn- 
thase (pi,4-GaINAc-transferase) [64] and FT6 [65]. The 
enzymes responsible for this proteolytical cleavage have ( 
been proposed to be cathcpsin-like proteases or serine pro- \ 
teases, respectively. We have found that recombinant hu- I 
man FT6 is secreted by two different BHK-21 cell lines and J 
from CHO DHFR cells [35], as shown in Table 4. While ' 
FT7 and FT5 were found to be resistant to proteolysis in 
transfected BHK-21 cells, we have also observed secreted 
forms of FT4 in supernatants of cells transfected with wild- 
type human FT4. It is important to consider the proteolytic 
cally cleaved enzyme forms when describing the in vivo 
specificity of glycosyltransferases, since it is known that 
also from natural cells/tissues considerable amounts of sol- 
uble forms have been detected in the medium of cells or in 
body fluids in certain diseases [66,67], j 
We have addressed the question of a possible contribu- > 
tion to the in vivo activity of soluble forms by engineering of I 
cells that express variants of human FT6 lacking the cyto- 
plasmic and transmembrane domain and part of the stem 
region (s-FT6), as depicted in Figure 6. In addition, we have j 
constructed a chimeric secretable protein (BT-FT6) by fu- | 
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Figure 6. Schematic representation of the protein domarn structures of wild-type human FT6 and soluble variants. C, T, S denote the cytoplasmic, 
transmembrane and stem regions; SP = signal peptide; the number of potential N-glycosylation sites are indicated by symbols 



sion of the full-length human P-TP sequence to the N-termi- 
nus of the catalytic domain of human FT6 which resulted in 
a 70-fold over/expression of catalytic activity. Our results 
obtained with the coexpression of S-FT6 together with P-TP 
indicate that enzymes secreted along the secretory pathway 
can be considered to not contribute to the in vivo functional 
activity of the enzyme, since only after about 20- fold overex- 
pression of s-FT6 (cell line s-FT6(II), compare Table 4), we 
were able to detect very small amounts of fucosylation of 
P-TP, and even 70-fold overexpressed BT-FT6 results in a 
low al,3-fucosylation of p-TP, as shown in Table 5. Cho and 
Cummings [68] found by lectin binding that a recombinant, 
soluble al,3-galactosyltransferase (lacking the transmem- 
brane and cytoplasmic domain) is functionally active in vivo 
when expressed at slightly higher levels than the full-length 
form of the enzyme. The reason for this discrepancy is un- 
known; however, that truncated forms of glycosyltrans- 
ferases in general do not contribute significantly to the in 
vivo specificity of the enzyme towards secreted glycoprote- 
ins is supported by our finding that a recombinant soluble 
form of human ST6Gal I does not modify co-secreted P-TP 
in BHK-21 cells. This finding is confirmed by a recent publi- 
cation [69] where the authors describe that soluble forms of 
recombinant pi, 4-GalNAc- transferase or ST6Gal I were 
not at all or significantly less efficient in vivo than their 
membrane-bound counterparts. It should be emphasized 
that in natural tissues or cells transferase expression levels 
are much lower than those that can be achieved by transfec- 
tion of cells with corresponding plasmids when the gene is 
under the control of a strong promoter. 



Interestingly, in addition to the very low fucosylation 
efficiency of the high enzyme activity expressing s-FT6(II) 
cell line in our studies, also the fucosylation pattern of p-TP 
oligosaccharides was different with a higher proportion of 
<xl,3-monofucosylated structures observed over the <xl,3- 
difucosylated oligosaccharides which are the major N-gly- 
cans synthesized by cells transfected with the full-length 
form of FT6 [35]. This then supports the view of the impor- 
tance of the cytoplasmic, transmembrane and stem region 
(CTS-region) not only for the in vivo functional activity of 
glycosyltransferases, but also for their in vivo substrate spe- 
cificities. In this context, it seems attractive to speculate 
that the CTS-region is also involved in the addressing of 
glycosyltransferases into different subcompartments of the 
biosynthetic glycosylation pathway of cells. The CTS 
polypeptide domains would be responsible for the target- 
ing of the recombinantly expressed FT6 and FT4 to sub- 
compartments where they can compete with the BHK cell 
endogenous ST3Gal III/IV for the same acceptor substrate 
since the sialylation state is lower for the /V-glycans of P-TP 
secreted from the transfected cells (and as mentioned 
above, this indicates that ST3Gal III and ST3Gal TV do not 
recognize Lex motifs in vivo). The targeting properties of 
the FT6 CTS-region should result in an intracellular 
broader distribution of this enzyme functional activity and 
its overlapping with ST3Gal III/IV. FT4 should be targeted 
into an earlier Golgi subcompartment before the a2,3-STs 
modify the acceptor Gal(pl->4)GlcNAc-R substrate. Like- 
wise, the CTS-region should direct FT7 and FT5 into a later 
functional compartment than the BHK cell endogenous 
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a2,3-STs which must provide the properly sialylated oli- 
gosaccharide precursor substrates. 

Engineering of cells by stable transfection with 
human Gal(pl->4)GlcNAc-R u2,6- sialyl transferase 

BHK-21 cells and CHO cells do not express yV-glycan-spe- 
cific a2 5 6-sialy I transferases (see Table 1). Therefore, glyco- 
proteins with this typical human serum-type sialylation 
characteristic are not synthesized by these host cell lines. 
The stable transfection of cells with plasmids encoding hu- 
man ST6Gal I [70] seems to be an attractive way to ma- 
nipulate host cell lines for the production of this human 
scrum-type carbohydrate structural motif. Iliis experimen- 
tal approach is justified by considering data published for 
the in vitro specificity of ST6Gal I as well as structural 
studies on natural glycoproteins. However, it has to be 
considered that the newly introduced enzyme competes 
with the host cell endogenous a2,3-STs (ST3Gal III/IV) for 
the same precursor substrate Gal(pl->4)GlcNAc-R as has 
been discussed above for human FT6 and FT4. In order to 
evaluate such a competition, we have stably transfected 
BHK-21B cells with a plasmid encoding the Golgi-resident 
form of human ST6Gal I and have coexpressed human 
P-TP as a secretory model glycoprotein. 

As depicted in Figure 3. human P-TP from wild-type 
BHK cells contains simple diantennary chains which are 
a2,3-disialylated, monosialylated, or asialo in a ratio of 
70:25:5 [16,35]. BHK-21 B cells were stably transfected with 
plasmids encoding human p-TP and human ST6Gal I (cfi 
Fig. 2) and were used for the subsequent production of 
p-TP. Isolation of the secreted p-TP from cell supernatanls 
was performed by a single step using immunoaffinity chro- 
matography with a polypeptide-specific monoclonal anti- 
body raised against P-TP [55], Careful structural analysis 
of the AM inked oligosaccharides of the recombinant P-TP 



by complementary techniques (MALD1/TOF-MS, HPAE- 
PAD and NMR methods [16]) was performed and we 
found that monosialylated and disialylated glycans were 
present in a ratio of 1:5. As shown in Figure 7, 60% of the 
disialylated oligosaccharides contained both, a2,3- and 
a2,6-linked NeuAc. The a2,6-linked NeuAc was preferen- 
tially attached to the Gal(piH>4)GlcNAc(pl-*2)Man 
(ctl->3) branch. This indicates that the newly introduced 
ST6Gal I competes with the endogenous ST3Gal IIT/IV. 
Since the ST6GaI 1 from bovine colostrum has been re- 
ported to act preferentially on the Man-3 branch of dian- 
tennary glycans [71], we could confirm the specificity of 
the human enzyme by our in vivo experiments. Similarly, 
we showed successful a2,6-sialylation of di- and trianten- 
nary oligosaccharides of recombinant human AT III se- 
creted by BHK-21B cells coexpressing ST6Gal I (a ratio 
of a2,3- to a2,6-linked NeuAc of 1:2 was determined here 
by integration of the NMR signals of the axial and equa- 
torial H-3 protons of NeuAc in the total oligosaccharide 
mixture [16]). 

Human ST6Gal 1 tranfers NeuAc in a2,6-linkage to 
GalNAc(pi->4)GlcNAc-R motifs in vivo 

We have previously identified a BHK-21 A cell clone which 
synthesizes large amounts of GalNAc(pi->4)GlcNAc-R 
motifs in addition to the common type II Gal(pi^4) 
GIcNAc-R structures on secretory glycoproteins [16,17]. 
Recombinant glycoproteins secreted from this host cell line 
are found to be undersialylated because the endogenous 
ST3Gal III/l V do not recognize terminal GalNAc(pl ->4) 
GlcNAc residues as a substrate. This offered the possibility 
to investigate if the transfection of this cell line with human 
ST6Gal I would result in a higher degree of sialylation of 
recombinant EPO, since from in vitro experiments it has 
been postulated that the enzyme also recognizes LacdiNAc 



NeuAc a2-3 Gal£l-4 GlcNAc £1-2 Manal s Fteal 

*Man£l-4 GlcNAc£l-4 GlcNAc 60 % 

NeuAc a2-6 Gal 01 -4 GlcNAc £1-2 Man al' 

NeuAc a2-3 Gal £1-4 GlcNAc £1-2 Man al s Fuc al 

*Man£l-4GlcNAc£l-4 GlcNAc 35 % 

NeuAc a2-3 Gal £1-4 GlcNAc£l-2 Manal ' 



NeuAc a2-6Gal£l-4GlcNAc£l-2 Manal s Fucal N6 

*Man£l-4GlcNAc£l-4 GlcNAc 5 % 

NeuAc a2-6 Gal £1-4 GlcNAc £1 -2 Man al' 

Figure 7. Disialylated AMinked oligosaccharide chains of recombinant p-TP expressed from ST6Gal l-transfected BHK-21 B cells contain large 
amounts of ct2,6-linked NeuAc. 
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motifs [72,73]. Human EPO expressed from wild- type 
BHK-23 A cells contains large amounts of the unsialylated 
diantennary oligosaccharides with two terminal Gal- 
NAc(pI->4)GlcNAc motifs as well as tri- and telranten- 
nary chains with 1,2 or 3 GalNAc substitutions [17]. When 
cells are cotransfected with ST6Gal I (15-fold higher ex- 
pression based on mRNA level and 5-fold higher enzyme 
activity with Gal(pi->4)GlcNAc-0-(CH 2 ) 8 COOCH 3 as an 
acceptor over the endogenous a2,3-STs), we found asialo, 
a 2.6-mono and a2 : 6-disialylated derivatives of the bianten- 
nary di-GalNAc oligosaccharides in a ratio of 0.1:1:0.2 
based on the MALD1/TOF signals obtained from the re- 
duced and permethylated native glycan pool of the purified 
EPO product (signals for [M + K + ] at m/z 2360, 2721 and 
3083, respectively) and methylation data [17]. This indi- 
cates that the GalNAc(pl-»4)GlcNAc-R branches are effi- 
ciently recognized as substrates for ST6Gal I in vivo. The 
cell line therefore allows for the production of recombinant 
glycoproteins with a human-type NeuAc(a2— »6)Gal- 
NAc(pi-*4)GlcNAc-R structural motif (see Fig. 8) that is 
frequently found in glycoproteins secreted from human 
kidney tissue [74-76]. 

Taken together, the expression of recombinant human 
a2,6-sialyltransferase increases the sialylation state of gly- 
coproteins secreted from BHK-21 A and BHK-21B cells as 
we have shown for human (3-TR AT MI and EPO [1617], 
However, the human ST6Gal I has its limitations since the 
enzyme has a high preference for the Man-3 branch of 
oligosaccharides and, due to the competition with the en- 
dogenous a2,3-STs, the final products contain mixtures of 
a2,3/6-sialylated oligosaccharides. Also many natural hu- 
man glycoproteins have both NeuAc linkages, and at pre- 
sent it is unknown if therapeutic glycoproteins that are 
exclusively modified with a2,6-linked NeuAc would be ad- 
vantageous over those with a mixture of a2,3/6-linked 
NeuAc. 



Future perspectives 

By using recombinant DNA technology, we are now able to 
efficiently manipulate the glycosylation capacity of cells to 
be used as new stable cell factories for biotechnological 
processes. However, we need to understand in much more 
detail basic regulatory phenomena underlying the complex 
interaction of the intracellular enzyme machinery that is 
involved in the biosynthesis of glycoconjugates. All theories 
and current models of compartmentalization of the cellular 
glycosylation pathways rely on experimental data obtained 
by immuno-localization of the enzymes [77-79]. In our 
opinion, more detailed knowledge about the in vivo func- 
tional localization of the glycosylation machinery of cells is 
required and this has to be approached experimentally. 

The importance of the CTS-region of glycosyltrans- 
fcrascs not only for their in vivo function, but also for their 
in vivo specificity has been addressed for the human cd,3/4- 
fucosyl transferases in this review. In this context, it is note- 
worthy that polysialyltransferase (STSSia TV) from humans 
or CHO cells possesses a very short transmembrane do- 
main of only 13 amino acid residues [80,81] which appar- 
ently docs not fit to the lipid bilayer thickness model 
proposed for the intracellular targeting of transmembrane 
proteins [78,82], Nevertheless, according to the concept of 
a sequential action of glycosyltransfcrascs, ST8Sia IV 
should be localized within a late Golgi compartment where 
it can get access to its a2,3-sialylated precursor substrate, 
and therefore, the CTS-region of this transferase attached 
to the catalytic domain of, e.g., FT6 should direct this en- 
zyme into a location where it should synthesize higher 
amounts of sLex with coexpressed P-TP. Our results, how- 
ever, obtained for this ST8Sia TV-FT6 fusion protein coex- 
pressed together with human JJ-TP in BHK-21 cells, 
showed an oligosaccharide pattern for the reporter glyco- 
protein that was almost indistinguishable from that ob- 
tained from cells cotransfected with wild-type FT6 [83]. 

Other important considerations include: 



BHK-21 A cells 



BHK-21 A cells 
+ ST6Gal T 



NeuAc a2-3 Gal£l-4 GlcNAc- R 
GalNAc £1-4 GlcNAc- R 
Gal £1-4 GlcNAc- R 



NeuAc a2-3 Gal £1 -4 GlcNAc- R 
NeuAc GaINAc£l-4 GlcNAc- R 
NeuAc <z2-6Gal£l-4 GlcNAc- R 
Gal £1-4 GlcNAc- R 



Figure 8. Terminal structural motifs in oligosaccharides of recombinant 
E p O from wild-type BHK-21 A cells and human ST6GaI l-transfected 
BHK-21 A cells 



• identification of in vivo functional cellular subcom- 
partments at the molecular level of transferases and 
nucleotide sugar transporters 

• intracellular turnover and the posttranslational modi- 
fication of the enzymes 

• dynamics of acceptor substrate and transferase trans- 
port within Golgi subcompartmcnts 

• role of splicing variants of glycosyltransferasc/glycosi- 
dase genes 

This is of general significance in all cases where recombi- 
nant glycobiology is used not only for the construction of 
"improved" cell factories for the production of more effi- 
cient and safer glycothcrapcutics or recombinant retroviral 
vectors for gene therapy with oligosaccharidc-based ad- 
dressing signals, but also when it is intended to modify by 
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genetic/metabolic engineering the surface of ex vivo propa- 
gated human primary cells destined for in vivo therapy in 
clinics. 
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